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development is opening up new fields of research, and many biological phenomena have been understood by tracking fluorescent signals in living systems. 1 The development of fluorescent probes for nucleic acids is essential because nucleic acids are not fluorescent. In addition, a fluorescent base analogue 15 has great significance for the expansion of an artificial genetic alphabet with diverse functionality. [2] [3] [4] [5] Many artificial fluorescent nucleobase analogues have been developed to date and researchers are continuing to design and synthesize new forms that fulfill both isomorphicity such as native Watson-Crick base 20 pairing and practical photophysical properties. [6] [7] [8] [9] [10] [11] Recently, Tor and coworkers have developed isomorphic fluorescent RNA nucleosides derived from thieno [3,4-d] -pyrimidine, which have very significant photophysical features including visible light emission and a high quantum yield. 12, 13 This suggested to us the 25 potential of using such nucleobase analogues with a thienopyrimidine heterocycle and led us to exploit the thieno [3,4-d] -pyrimidine DNA nucleoside. Here, we focus on guanine as it plays an important role in the structural dynamics of DNA such as the formation of quadruplexes and the transition between B-30 DNA and Z-DNA. We describe the synthesis, photophysical properties and DNA incorporation of a fluorescent base analogue, 2-aminothieno [3,4-d] pyrimidine G-mimic deoxyribonucleoside, th dG. In addition, we have achieved successfully the direct visualization of B-Z transition using th dG based on different π-
35
stacking of B-and Z-DNA. The synthesis of th dG was performed by following published procedures for generating RNA nucleosides (Scheme 1). 12 The parent heterocycle with a thiophene group was synthesized from the commercially available methyl 4-aminothiophene-3-40 carboxylate hydrochloride (1) by reaction with chloroformamidine hydrochloride in dimethylsulfone at 125 °C. The amino group on 2-amino-thieno [3,4-d] pyrimidine-4(3H)-one was protected as the N, N-dimethylformamidine form. The obtained thienoguanine (2) could be converted into the protected 45 deoxyribonucleoside (3) through Friedel-Crafts C-glycosylation with an acylated sugar derivative. This coupling afforded a mixture of β-and α-anomers with a 52% yield at β:αproportion of 3:1. The benzoyl protecting groups were removed in a methanolic ammonia and the N, N-dimethylformamidine group 50 was reintroduced for protection of the purine amino group. Subsequently, the 5′-hydroxyl group was protected as the dimethoxytrityl ether (DMTr) and the desired β-isomer could be isolated at a yield of 51%. The configuration at the C-1 carbons of anomers was confirmed by 1D and 2D (NOESY) 1 In addition, the th dG deoxyribonucleoside displays a relatively higher quantum yield under dio xane (0.85) and longer excited state lifetime in water (20.5 ns) compared with a RNA nucleoside th G. To evaluate oligonucleotides including the isomorphic dG surrogate, the phosphoramidite of th dG was synthesized and incorporated into the center of 18-mer DNA oligonucleotides of 5′-d(CGTCCGTCXTACGCACGC)-3′, where X = th dG, by automated solid-phase synthesis and phosphoramidite chemistry.
5
The complementary strands of ODN1 containing matched or mismatched bases and the corresponding natural DNA duplexes with guanine were also prepared. As shown in Figure 1 , the th dG-C base pair afforded almost identical thermal stability (Tm = 72.3 °C) compared with natural duplex DNA with a G-C base 10 pair (Tm = 72.1 °C). A very similar tendency to decrease the Tm was observed for th dG (ODN1) and G (ODN2) using the complementary stands including mismatched bases (ODN3~ODN7). The thermodynamic stability and base pairing selectivity indicate that th dG could replace a G base in the strand 15 without causing structural disruption. Furthermore, the fluorescent properties of ODN1 were evaluated upon hybridization with complementary strands containing matched or mismatched bases (Fig. S6) . Interestingly, significant changes in the fluorescence intensity (match<T<G<A) were observed, 20 indicating that the fluorescence of th dG is sensitive to local environment of DNA. The isomorphicity and the photophysical properties of th dG prompted us to exploit this new G-mimic deoxyribonucleoside. We intended to monitor the conformational changes of DNA 40 through changes in fluorescence intensity of th dG. 15 DNA has a remarkable conformational flexibility. Among them, the most typical example is the structural transition between right-handed B-DNA and left-handed Z-DNA. 16 In particular, the dynamic structural change from the continuous π-stacks in B-DNA to the 45 discrete four-base π-stacks in Z-DNA is a very attractive option for constructing DNA-based nanodevices.
17,18
We have demonstrated that the B-Z transition could be detected by measuring the fluorescence intensity of 2-aminopurine. 18 Based on previous studies, we expected that th dG fluorescence could be 50 applied to monitor the change of electronic properties between Band Z-DNA. To test this possibility th dG-containing duplex decamer, 5′-d(CGCGCXCGCG)-3′ (ODN8), where X = th dG, was prepared and investigated. However CD spectroscopy indicated that the B-Z transition became more difficult when 55 th dG was incorporated as a replacement for a G nucleotide. Indeed, the duplex ODN8 produced an almost B-conformation even in 5 M NaCl. This might be explained because th dG favors the anti conformation and stabilizes B-form DNA when it is located in DNA oligonucleotide strands. The theoretical 60 calculations for the syn-anti conformation of th dG were performed at ground state with the density functional B3LYP and the 6-31* basis set. This optimized the lowest energy conformations, suggesting that the anti conformation is more stable than the syn conformation ( Figure S10 ). We therefore decided on the introduction of a Z-stabilizing unit into DNA sequences and 8-methylguanine (m 8 G) was chosen corresponding this objective. Previously, we demonstrated that the incorporation of a methyl group at the guanine C8 position (m 8 G) markedly stabilizes the Z conformation under low salt conditions. The self- (left) or 0 eq. (right) of Zαβ was added to 1.3 µM of ODN9 and 100 mM of NaCl in 20 mM Tris-HCl buffer (pH 7.5). After incubation at 37 °C for 30 min, the photo was taken under UV irradiation.
In conclusion, th dG has been synthesized as a versatile 35 fluorescent guanine analogue. It could be incorporated readily into oligonucleotides using phosphoramidite chemistry and was successfully substituted for G bases with an almost identical thermodynamic stability and base pairing selectivity. Furthermore, its remarkable photophysical properties including 40 the strong visible emission enabled th dG to be applied admirably as an efficient fluorescent probe for the detection of the conformational changes in DNA. This study raises our hope that the present fluorescent nucleobase, th dG, could be superior to 2-Ap which is quenched in DNA and emits in the UV region.
6, 22 We 45 believe that th dG will expand the repertoire of fluorescent base analogues. We are currently exploring the application of th dG further, including its charge transfer properties and incorporation into living cells. 
Notes and references

Methods used for synthesis of th dG
NMR spectra were obtained on a JEOL JNM ECA-600 spectrometer operating at 600 and β-D-deoxyribofuranose 1-acetate 4,5-dibenzoate [2] (1.9 g, 5.0 mmol) in dry MeNO2 (20 mL) was dropwise added SnCl4(1.2 mL, 10 mmol) over 10 min at 0 ºC and stirred for 10 min at the same temperature. Removed from ice bath and after 3 h stirring at room temperature, β-D-deoxyribofuranose 1-acetate 4,5-dibenzoate(0.97 g, 2.5 mmol ) was added to the reaction mixture and then was stirred overnight. Sat. aq. NaHCO3 was added to the mixture and diluted with CH2Cl2. The resulting mixture was vigorously stirred for 1.5 h and the preticipate was filtered over a Celite cake. The separated aq.
layer was extracted with CH2Cl2. The combined layer were dried over MgSO4 and evaporated. The residue was purified by column chromatography with CH2Cl2:MeOH = 35:1 to afford a brown product (1.4 g, 54%, mixture of β/α = 3/1 
2-Aminothieno[3,4-d]pyrimidine G mimic deoxynucleoside (4)
A solution of 3 (1.6 g, 2.9 mmol) in 2.0 M ammonia (150 mL) in methanol was heated at 65 ºC overnight. In brown reaction mixture, white solid appeared and then dissolved.
The mixture was evaporated and purified by column chromatography with (β-anomer) (b) COSY spectrum of 6 (β-anomer) (c) NOESY spectrum of 6 (β-anomer) (d) 1 H NMR spectrum of 6 (α-anomer) (e) COSY spectrum of 6 (α-anomer) (f) NOESY spectrum of 6 (α-anomer)
Photophysical data for th dG monomer
Samples were studied in water, dioxane, and MeOH at 20 °C. All samples were prepared from a DMSO stock solution. Measurement was conducted with 10 μM thG monomer in the each solvent containing trace DMSO. All experiments were performed in duplicate with negligible differences; hence only one series is shown. MeOH.
Solid-Phase Synthesis
ODNs having th dG (ODN1, 8, 9) were synthesized on solid supports using (Table S1 ). DNA concentrations were determined by using the Nano drop ND-1000 (Nano-drop Technologies, Wilmington, DE). Other ODNs are received from SIGMA-Genosys or JBios.
UV-melting
Melting temperatures were determined by measuring changes in absorbance at 260 nm as a function of temperature using a JASCO V-650 UV/VIS spectrophotometer. JASCO PAC-743R equipped with a high performance temperature controller and micro auto eight-cell holder. Absorbance was recorded in the forward and reverse direction at temperatures from 5 to 95 °C at a rate of 0.5 °C/min. The melting samples were denatured at 95 °C for 5 min and annealed slowly to RT then stored at 5 °C until experiments were initiated. All melting samples were prepared in a total volume of 100 μL containing 5 μM of each strand oligonucleotide, 20 mM Na cacodylate (pH 7.0) and 100 mM NaCl. Synthetic oligonucleotides were obtained from Sigma-Aldrich Chemicals Co.
Fluorescence Measurement
Fluorescence measurements of th dG-containing DNA were conducted using a JASCO FP-6300 spectrofluorometer. The sample temperature was controlled with a JASCO EHC-573. Measurements were performed using fluorescence cells with a 0.5-cm path length. All samples are containing 5 μM of each strand oligonucleotide in 20 mM sodium cacodylate buffer (pH 7.0) and various concentrations of NaClO4 at 5 °C.
CD Spectroscopy
CD spectra of oligonucleotide solutions collected in 0.5-nm steps from 320 to 220 nm were measured using JASCO J-805LST Spectrometer in a 1-cm quartz cuvette. The buffer and concentrations of NaClO4 were the same as for Fluorescence measurement.
Each spectrum shown is the average of two individual scans. . Plausible hydrogen-bonding of th dG and match or mismatch bases [3, 4] . reported here were optimized using B3LYP method and 6-31G* basis set. Since B3LYP method and 6-31G* basis set have been shown to be effective for the investigation of biomolecules. All the calculations reported here were carried out at gas phase using the Gaussian 09W software. Energies of syn-th dG is -805773.46 kcal/mol. anti-th dG is -805723.12 kcal/mol. Anti-th dG is more stable than syn-th dG by 45.34 kcal/mol. The Energy minimizations were performed using the MOE (Molecular Operating Environment). DNA structures were made using AMBER forcefield and the dielectric constant ε=4rij.
Preparation of Zαβ protein.
Zαβ domain of ADAR1 was expressed using a plasmid (pET21a-Zαβ) containing a subcloned Zαβ domain. pET21a-Zαβ was transformed to an E. coli BL21 (DE3) competent cell. Small cultured cell was grown in a 500 ml of LB medium with ampicillin (100 µg/ml) at 37 
